Abstract-This paper introduces a design methodology of a third-order three-element patch array that has no filtering parts and yet behaves like a filtering antenna (filtenna). The design approach includes shaping the frequency response of the reflection coefficient and modeling the frequency response of the normalized realized gain. In order to control the shape of these two responses, g i coefficients of an equivalent low-pass prototype filter are derived for designing the third-order filtering antenna array. The design methodology was verified over the frequency band from 4.8 to 6.8 GHz for levels of the reflection coefficient from −10 to −20 dB and for fractional bandwidths from 7% to 14%. The whole design methodology was supported by manufacturing and measuring three third-order filtering antenna arrays designed with different configurations. The simulated and measured results show good agreement in all cases.
I. INTRODUCTION

T
ODAY's wireless communication systems are expected to be small to provide easy mobility. The design of wireless components should be quick and easy to implement.
To obtain small dimensions of communication hardware, filtering properties of a band-pass filter can be combined with radiating properties of an antenna array. This type of device is called a filtering antenna or a filtenna. Since the filtenna plays the role of a radiator and a frequency filter at the same time, a filter at the antenna input does not need to be implemented.
In some works, the filtenna is understood as a band-pass filter with a cascaded antenna, where both have been designed separately on a common substrate [1] - [6] . This paper turns attention to the filtenna design comprising a filter synthesis approach and an antenna array approach at the same time.
A corresponding filtenna can have a structure of a bandpass filter with the last resonator replaced by a radiating element. Then, the filtenna is designed as a complete device, but filtering and radiating parts can be identified [7] - [13] .
In order to simplify and speedup the design of electromagnetic devices, an equivalent circuit approach can be applied for the synthesis. The equivalent circuit approach to the synthesis of the filtering antennas has already been published in [14] - [16] .
In this paper, we present a novel approach to the synthesis of filtering antennas. The synthesis takes into account requirements on the frequency response of the reflection coefficient at the antenna input and the frequency response of the realized gain in the main-lobe direction.
The frequency response of the realized gain should create an equivalent of the frequency response of the transmission coefficient of a bandpass filter. The spatial filtering (made by currents on antenna elements) and the frequency filtering (caused by resonances of antenna elements) form the final shape of the frequency response of the gain of a filtenna.
The matching objective is met by applying the equivalent circuit approach [17] - [19] . When optimizing the gain objective, the radiation pattern is calculated from the electric surface current [20] .
For implementing the filtenna, we use a three-element patch array fed by apertures. The array plays the role of the filter and the antenna at the same time [17] .
Section II describes the architecture of a third-order filtering antenna array fed by apertures, where each radiating element increases the order of the filtenna. In Section III, we introduce an equivalent circuit approach. In Section IV, we describe the synthesis of the filtering antenna array and cover the following topics:
1) the synthesis of the frequency response of the reflection coefficient and adoption of the filter approach for designing the filtering array; 2) the synthesis of the frequency response of the realized gain and adoption of the antenna approach for designing the filtenna; 3) derivation of g i coefficients of an equivalent low-pass prototype filter for designing the third-order filtering array fed by apertures; 4) calculation of physical dimensions of the filtering array.
In Section V, we verify theoretical results by full-wave simulations in CST Microwave Studio. In Section VI, 0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the manufactured three-element filtering array with different input settings is measured. Section VII concludes this paper.
II. FILTERING ARRAY FED BY APERTURES
The out-of-line serial feeding network of the third order was selected as a structure for the design of the filtering array. In this case, the feeding network has a minimal effect on radiation patterns and the direction of the main lobe. The final selectivity of the gain is very good thanks to the combination of the spatial filtering and frequency filtering.
In order to minimize the influence of the feeder on radiation patterns and the main-lobe direction, elements of the antenna array are fed by a microstrip transmission line via apertures. Therefore, two substrates have to be used to build the filtenna (see Fig. 1 ).
Both the substrates are covered by a metallic foil on both surfaces, and the central metallic layer is shared. In this paper, ARLON 25N is considered (relative permittivity ε r = 3.38, and thickness h = 1.524 mm).
A 50-metallic feeder is created on the bottom surface, apertures are etched in the central surface, and metallic rectangular patches are located on the top surface (see Fig. 1 ). Fig. 2 shows an equivalent circuit of a third-order filtering patch array fed by apertures [17] . The equivalent circuit consists of three parallel RLC resonant circuits, three mutual capacitances C m , three J -inverters, and three transmission line segments, with an additional open-ended line.
III. EQUIVALENT CIRCUIT OF FILTERING ARRAY
Parallel RLC resonant circuits simulate the behavior of individual patches, and resistors R represent the radiation into the environment. Each RLC increases the order of the filtenna (the third-order filtering array is obtained). Integrating current distributions on the individual patches, the radiation diagram is formed and the spatial filtering behavior of the filtenna is contributed.
Values of J -inverters represent coupling between the feeder and patches, and values of C m simulate the mutual capacitance between the feeder and patches.
The width of the microstrip feeder is selected to obtain a 50-characteristic impedance. The length of the first to the third segment is the wavelength and the length of the openended segment is approximately a quarter of the wavelength.
Using the equivalent circuit approach for the synthesis of the filtenna, a significant role is played by the mutual capacitance and the coupling between the microstrip feeder and patches. Both the mutual capacitances and the couplings are essentially defined by the width of apertures W s . Therefore, the effect of the width of the aperture W s on the mutual capacitance and the coupling has to be described accurately.
The mutual capacitance and the value of the J -inverter can be obtained for a single patch fed via an aperture by a 50-open-ended transmission line. The capacitances and J -inverter values can be computed using a suitable fullwave simulator [18] or comparing the behavior of an equivalent model with a corresponding response of a full-wave model.
Dependencies of mutual capacitances and J -inverter values on the width of the aperture W s have been researched at 5.8 GHz for ARLON 25N (h = 1.524 mm, and ε r = 3.38). The dependencies are going to be included into the synthesis of the frequency response of reflection coefficient in Section IV.
The dependency of the mutual capacitance on the width of the aperture W s is shown in Fig. 3 , and the dependency of the J -inverter value on the aperture width W s is depicted in Fig. 4 . With respect to easier future implementation, the aperture width W s is related to the width of the patch W a , which corresponds to the desired frequency
In (1) and (2) Influence of the width of the aperture W s on J -inverter value simulating coupling between the patch and the feeder at the frequency 5.8 GHz for ALON 25N (ε r = 3.38 and h = 1.524 mm).
For spatial filtering, amplitudes and phases of currents on patches (RLC circuits) are dominant. Therefore, the requested spatial filtering can be obtained by the optimization of the equivalent circuit for a requested amplitude and phase distribution over RLC circuits.
IV. SYNTHESIS OF FILTERING ARRAY
In this section, we derive formulas for the synthesis of the frequency response of the reflection coefficient at the input of the filtering array and for the synthesis of the frequency response of the realized gain in the main-lobe direction.
The frequency response of the realized gain [21] 
can be understood as an equivalent of the frequency response of the transmission coefficient (the wave passing the output port is replaced by the radiation of electromagnetic energy to the main-lobe direction).
In (3), D is the directivity of a single patch, AF denotes the array factor, and S 11 is the reflection coefficient at the antenna input.
Equation (3) can be rewritten as [21] 
where S 21 corresponds to losses in dielectrics and losses by radiation. When synthesizing a filter, g i coefficients of the low-pass prototype can shape the frequency response of the reflection coefficient S 11 and the transmission coefficient S 21 . Obviously, we can shape the frequency response of the realized gain S 21RG in a similar way.
Since conventional approximations of filter characteristics (Chebyshev, Butterworth, etc.) are not applicable in the case of filtering arrays, alternative coefficients are going to be derived in the next section.
A. Synthesis of Frequency Response of Reflection Coefficient
In order to analyze the third-order filtering array of patches (the combination of equivalent RLC circuits) resonating at different frequencies f 0a (i ), we use the theory of asynchronously tuned filters [18] 
where FBW is the fractional bandwidth between resonant frequencies f 0a (i ) and f 0 is the center frequency of the filtering array.
In the third-order filtenna, the first patch and the third patch (equivalent RLC circuits) are tuned to the upper resonant frequency. The second patch (an equivalent RLC circuit) is tuned to the lower resonant frequency.
Capacitances and inductances of parallel resonant circuits representing patches in the array can be evaluated by [18] 
For evaluating J-inverters among individual patches and the feeder, we can use [18] 
From the value of the J-inverters (8) and the dependencies of the mutual capacitance and coupling on the width of the aperture W s , we can calculate mutual capacitances between the patch and feeder by using (1) and (2)
The resistance R in the equivalent circuit denotes the value of the resistor that simulates the antenna radiation. Next, C(i ) and L(i ) are individual capacitances and inductances representing patches. Finally, C m (i ) is the mutual capacitance between the patch and the feeder (see Fig. 2 ). The value of the fractional frequency bandwidth of a single patch fed by an aperture is denoted as FBW a , Y 0 represents the characteristic admittance of the microstrip feeder, g 0 and g i are coefficients of the thirdorder low-pass prototype filter, and C is the cutoff angular frequency of the filter. The lossless transmission lines between adjacent parallel resonant circuits are modeled by ABCD matrices [18] 
The line is described by the characteristic impedance (admittance)Z c (Y c ), the length l, and the phase constant β.
The J-inverter can be described by the ABCD matrix [18] A
Using the matrix for general impedance [18] , the ABCD matrix of the parallel RLC circuit is obtained
The filtering antenna array fed by apertures can be quickly designed by a script implementing (10)- (12) . Using (11) and (12) and considering the condition for the short end of a one-port network [18] , [19] , the ABCD matrix for a parallel combination of a resonant circuit and a J-inverter can be obtained
Next, the ABCD matrix of the equivalent circuit of the whole antenna structure is calculated by multiplying (10) and (13)
Here, MTL s is the ABCD matrix of the line from the source to the first patch and MTL o is the ABCD matrix of the line from the last patch to the open end of the line. MTL 1 is the ABCD matrix of the line between the first patch and the second patch, and MTL 2 is the ABCD matrix of the line between the second patch and the third patch. The ABCD matrices MTL 1 and MTL 2 dominantly influence the main-lobe direction and the phase feeding of the patch antennas. MPB 1 , MPB 2 , and MPB 3 are ABCD matrices of parallel branches (patches). The reflection coefficient of the equivalent circuit may be calculated from the total ABCD matrix (14) using [18] , [19] 
B. Synthesis of Frequency Response of Realized Gain
In order to calculate the frequency response of the normalized realized gain of the filtering antenna, we have to consider [20] 
to describe the radiation pattern of a patch in the E-plane, and [20]
to describe the radiation pattern of a patch in the H -plane.
Here, ε r denotes relative permittivity of the substrate, h is the thickness of the substrate, ε re is the effective dielectric constant, k 0 is the free-space wave number, L a is the length of the patch, and W a is the width of the patch.
Relations (16) and (17) can be used to express directivity [20] 
Here, r is the distance of the observation point from the patch antenna, and E and E are radiation patterns of the patch antenna in the E-and H -plane, respectively. Next, η 0 is wave impedance of free space and P r is the radiated power. In order to calculate the total radiation pattern of the filtering array represented by the equivalent circuit ( Figs. 1 and 2 ) [17] , an array factor has to be defined [22] , [23] 
where N is the number of radiation elements and
In (20), k 0 is the free-space wave number, d is the distance between two patches, and ξ describes the phase shift between two patches. In order to obtain the frequency response of the realized gain, the frequency response of the reflection coefficient [17] has to be calculated.
C. Three-Element Filtering Array and g i Coefficients
In this section, new g i coefficients for a third-order threeelement filtering array fed by apertures are defined. These g i coefficients enable us to control frequency responses of the reflection coefficient and the realized gain. Coefficients are computed for a specific value of the reflection coefficient and an acceptable value of the fractional bandwidth of the array.
The g i coefficients are obtained by optimizing the shape of frequency responses of the reflection coefficient and the realized gain by a script implementing equations given above.
For an acceptable reflection coefficient S 11 < −10 dB, the relation between the fractional bandwidth FBW s of the whole structure and FBW between resonant frequencies of patches is given in (21) , as shown at the bottom of this page.
Here, FBW s presents the fractional bandwidth of the realized gain for a decrease of 3 dB. In this case, the fractional bandwidth FBW s can be set within the interval from 7% to 14%. Equation (21) 
In ( Equations (21)- (24) have to be recalculated if the requested match is: 1) better than S 11 < −15 dB (see (25)- (27), shown at the bottom of the page); 2) better than S 11 < −20 dB (see (28)-(30), shown at the bottom of the page); and 3) better than S 11 < −25 dB (see (31)-(33), shown at the bottom of the page).
D. Dimensions of Filtenna Model
The width W a (i ) and the length L a (i ) of patches are [23]
Here, represents fringing fields, c is the speed of light in free space, f 0 (i ) is the asynchronously tuned resonant frequency (each patch antenna is tuned at a different frequency), ε r is the relative permittivity, ε re is the effective dielectric constant, and h is the thickness of the substrate. Considering the outputs of Section II, the width of apertures can be calculated using
The length of the apertures is
Other parameters (the width of the feeder, the distance between two neighboring patches, and the length of the open end of the feeder) can be calculated following [18] and [19] .
V. THEORETICAL RESULTS VERSUS FULL-WAVE RESULTS
In this section, the methodology of the design of the filtering array is verified. Parameters of the designed filtenna are evaluated by a full-wave simulation in CST Microwave Studio initially. The numerical study comprises different values of parameters: f 0 , FBW, and S 11 .
The parameters f 0 , FBW, and S 11 obtained by the fullwave simulation are compared with the equivalent circuit approach. The comparison does not consider a connector, losses in the dielectrics, and adhesives between substrates.
For specified requirements, parameters of the equivalent circuit have been computed (the left column in Table I ). Using Frequency responses of reflection coefficient S 11 , transmission coefficient S 21 (or normalized realized gain RG) for the equivalent circuit (MATLAB), planar implementation (CST) and optimized planar implementation (CST opt.). f 0 = 6.8 GHz, FBW = 10%, and S 11 < −10 dB. ARLON 25N (h = 1.524 mm and ε r = 3.38), dimensions of the antenna can be obtained (the central column in Table I ). In order to improve results, a built-in CST optimizer was used to improve the design (the right column in Table I ).
In Fig. 5 , frequency responses of the reflection coefficient at the filtenna input S 11 and transmission coefficient (normalized realized gain RG) are depicted. Here, MATLAB represents the equivalent circuit, CST represents full-wave simulation of the equivalent planar implementation, and CST opt. is the optimized planar implementation. Obviously, all frequency responses agree sufficiently.
Next, numerical values of the resonant frequency f 0 , fractional bandwidth FWB, and the magnitude of reflection coefficient S 11 at the resonant frequency are compared (see Table II ). We can see a reasonable match here.
In the second testing example, the filtenna was designed for the center frequency 6.8 GHz, the fractional bandwidth 10%, and the reflection coefficient better than −10 dB. In Fig. 6 , frequency responses of the reflection and transmission coefficients of the equivalent circuit model (obtained by the script in MATLAB), planar implementation (CST), and optimized implementation (CST opt.) show good agreement. The most important corresponding parameters from the comparison in Fig. 6 are given in Table IV . Comparison of simulated and measured frequency responses of reflection coefficient S 11 and normalized realized gain RG. f 0 = 5.8 GHz, FBW = 13%, and S 11 < −15 dB. VI. EXPERIMENTAL VERIFICATION Prototypes of filtennas specified in Tables I and III were  manufactured and measured. Measured and simulated parameters of Prototype I ( f 0 = 5.8 GHz, FBW −3dB = 13%, and S 11 < −15 dB) are given in Table V. Simulated and measured frequency responses of the reflection coefficient and the normalized realized gain are depicted in Fig. 7 . Simulated and measured radiation patterns in the E-plane (co-and cross-polarization components) are shown in Fig. 8 ; the plane corresponds with the x-z plane in Fig. 1 . The deviation in the main-lobe direction from the normal to the substrate is shown in Fig. 9 ; the maximum deviation is 6.2°for simulation and 5°for measurement. Measured and simulated parameters of Prototype II ( f 0 = 6.8 GHz, FBW −3dB = 10%, and S 11 < −10 dB) are given in Table VI. Simulated and measured frequency responses of the reflection coefficient and the normalized realized gain are depicted in Fig. 10 . Simulated and measured radiation patterns in the E-plane (co-and cross-polarization components) are shown in Fig. 11 . The deviation in the main-lobe direction from the normal to the substrate is depicted in Fig. 12 ; the maximum deviation is 4.2°for simulation and 5°for measurement.
Obviously, simulations are in agreement with measurements. Deviations are caused by manufacturing: the filtering array consists of two dielectric substrates and is sensitive to the accuracy of assembly. In Fig. 13 , the top layers of the fabricated test filtennas are shown on the left and the corresponding bottom layers on the right.
VII. CONCLUSION
In this paper, we present the methodology for the design of third-order patch filtennas with aperture excitation. The methodology combines the filter design approach and the antenna design approach exploiting the equivalent circuit of the third-order filtering antenna array. The presented filtenna design procedure has not been published yet.
The filtenna design procedure was implemented in MATLAB. Outputs of the script sufficiently correspond to the full-wave model of the filtenna. Thanks to the script, we can save CPU time during the design of filtering arrays. The MATLAB script produces comprehensive results within 2 min on a conventional PC.
Prescribed center frequency, fractional bandwidth, and magnitude of reflection coefficient are the objectives of the design. The center frequency was varied and validated from 4.80 to 6.80 GHz, the fractional bandwidth was changed and verified from 7% to 13%, and the magnitude of reflection coefficient was altered and validated from −10 to −20 dB.
The frequency responses of the reflection coefficient and the frequency response of the realized gain were shaped using new g i coefficients, which substituted the conventional g i coefficients of conventional approximations of filter characteristics (Chebyshev, Bessel, and Butterworth). New g i coefficients were included into the filter design approach, which is an integral part of the design methodology of filtering antenna arrays.
Two test examples were presented to illustrate the functionality of the developed design methodology. Then, corresponding samples of these filtering antennas were manufactured and measured. The measured data were in good agreement with the simulated ones. Small deviations were caused by manufacturing inaccuracies.
At present, the described synthesis of filtennas is generalized for a higher number of antenna elements. Moreover, tuningspace mapping is going to be used in combination with the presented equivalent circuit to improve the efficiency of the design.
